Environmental context. Dietary intake of fish and other seafood products is the dominant source of human exposure to methylmercury, a toxicant that can have serious adverse effects on the developing nervous system and may promote heart diseases. The existing evidence of human toxicity should inspire prudent choices in maintaining fish intakes to secure an ample supply of essential nutrients, while at the same time choosing species that are low in mercury concentrations. The combination of essential nutrients and avoidance of this toxic contaminant will benefit brain development and human health in general. In addition, current contamination levels suggest that intensified efforts are needed to reduce and eliminate mercury release to the environment.
Introduction
Mercury (Hg) is a widespread contaminant found in the environment in both metallic form and in various inorganic and organic complexes. [1] The natural global biogeochemical cycling of Hg includes a conversion of Hg from inorganic into an organic form (methylmercury, MeHg) primarily in microorganisms in the aquatic environment; they are consumed by fish, and MeHg
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is biomagnified in the aquatic food chains so that the highest concentrations occur in large and long-lived predatory fish and marine mammals at the top trophic levels. [1] Increased exposures to inorganic Hg may occur in connection with industrial processes, such as mercury mining, mercury catalysts at chloralkali plants, fluorescent lamp factories, and artesanal and small-scale gold mining operations. [2, 3] Absorption of Hg vapor from dental amalgams is the most important source in the general population. Current concerns related to human mercury exposures particularly emphasise dietary intakes of fish and other seafood products as the dominant source of human exposure to MeHg.
MeHg poisoning outbreaks in Minamata, Japan and Iraq occurred between 1950 and 1975 . Poisoning in Minamata occurred because of long-term exposure through the ingestion of fish contaminated by MeHg. [4] In Iraq, exposure was a result of the consumption of homemade bread that was made with grain treated with MeHg as fungicide. [5] Neurologic signs caused by MeHg poisoning include paresthesia, ataxia, sensory disturbances, tremors, impairment of hearing, and walking difficulties. The effects in offspring who were exposed to MeHg in utero were more serious, as the severe and widespread damage that may occur to the brain when exposed to MeHg during development were clearly demonstrated in the poisoning outbreaks. The Minamata infants were born with serious neurological damage, even if their exposed mothers were virtually unaffected. [4, 6] Recent epidemiological studies have found more subtle adverse effects on brain functions at lower levels of MeHg. [7, 8] A recent case-control study found that an increased blood Hg concentration was associated with attentiondeficit hyperactivity disorder. [9] Although inconclusive, recent studies have suggested that MeHg may promote or predispose to the development of heart disease. [10, 11] Increased MeHg exposure was associated with adverse cardiovascular effects in adults [12] [13] [14] and children. [15] This paper reviews the human MeHg toxicology and the effects of MeHg exposure on neurobehavioural and cardiovascular outcomes, as based on human evidence from epidemiologic data.The paper also discusses issues in regard to exposure assessment and imprecision, and the relationship between the benefits from nutrients in fish and the risks associated with MeHg toxicity. These considerations are important for a proper evaluation of the human evidence and for resolving the important challenges in public health.
Major prospective cohort studies
Major prospective cohort studies of MeHg-exposed children have been conducted in New Zealand, the Faroe Islands, and the Seychelles. Table 1 outlines the major differences between these three prospective studies. Several smaller cohorts and crosssectional studies have been published and support the notion of developmental neurotoxicity associated with MeHg in contaminated fish and seafood products, [1] but the main evidence comes from the three largest cohorts.
New Zealand
A cohort of 11 000 mothers, who gave birth to children in 1978, was initially screened. [16] Hair Hg concentrations were determined for 1000 mothers, who had consumed 3 fish meals per week during pregnancy. The high exposure group consisted of 73 mothers who had a hair Hg level above 6 µg g −1 . At the first follow-up at age 4 years, high-exposure children, and reference children with lower exposure, were matched for potential confounders (i.e. mother's ethnic group, age, child's birthplace, and birth date). The high-exposure group showed significantly lower scores on childhood mental and motor development. A follow-up of the original cohort at age 6 years noted a three point decrement in intelligence quotient (IQ) and changes in affect in children born to women with Hg concentrations in hair greater than 6 µg g −1 . [17] Faroe Islands The Faroe Islands are located in the North Atlantic between Norway, Shetland, and Iceland. Excess exposure to MeHg was mainly due to the traditional habit of eating meat from the pilot whale in this fishing community. Ingestion of whale blubber caused exposure to lipophilic contaminants, notably polychlorinated biphenyls (PCBs). Fish intake varied but showed a positive association with whale intake. The first birth cohort consisted of 1022 children born during a 21-month period in 1986-1987. [7] Prenatal MeHg exposure was determined from Hg concentrations in cord blood and maternal hair, both spanned a range of ∼1000-fold. A total of 917 eligible children (90.3%) participated in the detailed examination at school age (7 years). At the 7-year and 14-year follow-up, decrements in attention, language, verbal memory, and to a lesser extent, in motor speed and visuospatial function were associated with prenatal MeHg exposure (controlled for age, sex, and confounders). Delayed latencies of the brainstem auditory evoked potentials, and decreased heart rate variability were also associated with mercury exposure. [7, 8, 18] Another prospective study (cohort 2) of 182 singleton term births were examined by the Neurological Optimality Score (NOS) at age 2 weeks. The NOS showed significant decreases at higher cord-blood Hg concentrations. [19] Seychelles A pilot cohort study and a main study, each with ∼800 mother-child pairs, were conducted in the Seychelles, an archipelago in the Indian Ocean. [20] A hair sample was obtained from the mother six months after parturition. The hair segment that represented the pregnancy period was identified from the assumption that hair grows 1.1 cm per month. A subset of 217 children from the pilot cohort was evaluated at 66 months. [21] Maternal hair Hg was negatively associated with auditory comprehension, which remained significant after outliers were excluded. The main study included evaluation of the children at 6.5, 19, 29, and 66 months of age. No clear evidence of prenatal Hg neurotoxicity was found after adjustment for postnatal exposures. [21] Recent results show decreases in fine motor function associated with higher fetal exposure levels (≥10 µg g −1 maternal hair) at 9 years of age, from which the investigators suggest that delayed adverse effects might become apparent at exposure above 10-12 ppm as the children mature. [22] MeHg exposure Source of exposure Fish and seafood provide an important pathway for human exposure to MeHg in freshwater and marine food chains, and MeHg contamination is the main reason for fishing advisories in the United States. [23] Fish, however, also contain essential nutrients that may provide beneficial effects to brain development and may help prevent cardiovascular disease, thereby counteracting or obscuring the adverse effects of MeHg. [24] All fish, however, do not contain similar proportions of Hg contamination and nutrients, as MeHg bioaccumulates through multiple levels of the aquatic food web. Total Hg concentrations vary widely across fish and shellfish, and mean values differ by as much as 100-fold. [25] Farmed fish is not free of MeHg and the concentrations depend on the presence of MeHg in the feed. [26] In assessing differences between wild and farmed fish, the European Food Safety Authority concluded that there is no general difference in safety between the two kinds of fish. [27] Still, options exist to produce farmed fish lower in MeHg by controlling the feed. Other possible sources of MeHg in the human diet include rice cultivated in Hg-contaminated areas, [28] organ meats of terrestrial animals, [29] and chicken and pork, probably as a result of using fish meal as livestock feed. [30] Profiles of exposure In fish-eating populations, high levels of Hg exposure have been documented. The median Hg concentration of maternal hair in the Faroe Islands was 4.5 µg g −1 , with 27% above 10 µg g −1 , [31] and in the Seychelles an average of 5.8 µg g −1 . [32] Populations in the Amazon communities who rely on freshwater fish have median hair Hg levels range from 5 to 15 µg g −1 . [33] [34] [35] [36] [37] In contrast, mean hair Hg levels in populations with minimal fish consumption range from 0.1 to 1.0 µg g −1 , and mean blood Hg levels similarly range from 1.0 to 5.0 µg L −1 . [38] [39] [40] [41] The recent results in a national health study in the United States found that geometric mean hair mercury was 0.20 µg g −1 in women (among frequent fish consumers, the geometric mean hair mercury level was three-fold higher, 0.38 v. 0.11 µg g −1 in non-consumers) and in children 0.12 µg g −1 (the geometric mean hair mercury levels were two-fold higher, 0.16 v. 0.08 µg g −1 in non-consumers). [42] Likewise, the geometric mean blood Hg concentration was 0.34 µg L −1 in children and 1.02 µg L −1 in women; the geometric mean was almost four-fold higher among women who ate three or more servings of fish in the past 30 days compared with non-consumers (1.94 v. 0.51 µg L −1 ). [43] These results also showed that ∼5-10% of the women of childbearing age have hair levels that exceed 1.0 µg g −1 and blood levels above 5 µg L −1 . A higher percentage of excess exposures is found in Japan where more fish is consumed, and 73.3% of women have hair Hg levels above 1.0 µg g −1 , and 1.7% above 5 µg g −1 . [44] The exposure depends not only on the frequency of fish intake and the size of each meal, but also on the species consumed. High concentrations of MeHg can be found in predatory fish and marine mammals in the top trophic levels, as MeHg biomagnifies in the aquatic food chains. Shark, tuna, swordfish, and tilefish are among the predatory fish with high MeHg concentrations. [45] Results of recent studies found elevated blood and hair Hg levels in Chinese adults and children. [46, 47] Shark fin soup, a Chinese delicacy, has been found to be a major dietary source of MeHg exposure in this population. [46] Biomarkers of exposure In prospective studies, samples for mercury analysis have included maternal hair, cord blood, and cord tissue. Maternal dietary questionnaires have also been used to obtain information on the frequency of fish and seafood consumption. Blood gives an estimate of most recent exposure, with the half-life of MeHg in blood being 50-70 days, while hair may provide a calendar of Hg exposure. [32] Although hair growth rates are known to vary, a 9-cm hair sample obtained at parturition or shortly thereafter would be thought to represent the average Hg exposure during the whole pregnancy. [48] Hair Hg is predominantly MeHg (80-98% of hair total Hg). Generally, hair is 250-300 times more concentrated in Hg than in blood, [49] although cord blood contains a relative increase, thus making the difference from hair only ∼180-fold. [31] Because of the ease of sampling, storage, and transport, scalp hair is the most frequently used sample for MeHg exposure assessment. [49] However, hair Hg concentration is subject to variability such as hair type, hair color, external contamination and leaching as a result of permanent hair treatment. [50] [51] [52] These factors might well account for the greater overall imprecision of this biomarker. The blood concentration is often considered a more appropriate indicator of the absorbed dose and the amount systemically available, but this biomarker may also be subject to possible variation. The dry-weight-based mercury concentration in the cord tissue seems to be a more precise parameter than the level expressed on a wet-weight basis. [53] In assessing exposure biomarker imprecision and providing proper adjustment for its consequences, Grandjean and Budtz-Jørgensen [54] documented that cord blood is the best available indicator of prenatal MeHg exposure. However, the results also suggested that even the best exposure biomarker may be much more imprecise than suggested by laboratory quality data.
Studies of the cardiovascular effect of Hg have used Hg levels in toenails and fingernails as biomarkers of Hg exposure, [11, 55] although the extent that these reflect organic or inorganic Hg exposure is unclear. The fact that dentists have increased toenail Hg concentrations [11] would suggest that this biomarker reflects not only MeHg exposure. Urinary Hg excretion levels have been used in some studies, [56, 57] but the concentrations mainly reflect inorganic Hg and is not considered a useful biomarker of MeHg exposure. [57] 
Health effects
Neurodevelopmental outcomes
The validity of outcome variables depends on their sensitivity to the exposure under study and the associated specificity (i.e. lack of sensitivity to the influence of other factors, including confounders). The choice of effect parameters must at the same time be feasible and appropriate for the age of the children, and for the setting of the study. Tests that depend only minimally on cooperation of the subject have the advantage of being less likely to be affected by motivation. The more advanced neuropsychological tests are only possible when a child has reached school age. Such tests, however, may be of uncertain validity if they have not previously been applied in the same culture. In addition, many tests require special skills of the examiner. All of these issues need to be considered when evaluating the study findings. [48] Most studies employed a battery of neurobehavioural tests, some of which appeared to be more sensitive to Hg neurotoxicity than others. Simple comparison of regression coefficients may provide suggestions for the most sensitive parameter, at least within the confines of a particular study. A better sensitivity may be due to superior psychometric properties, not necessarily greater susceptibility to MeHg. To facilitate such comparison, the regression coefficient may be expressed as a proportion of the standard deviation of the test result, or as a delay in mental development calculated from the regression coefficient for age. [58] Benchmark dose levels may also be used as a basis for comparison. Thus, the most sensitive neurological, neuropsychological, and neurophysiological effect parameters all exhibit benchmark dose levels of 5-10 µg g −1 for hair. [1] Despite the great variability of the study settings and the outcome variables, a substantial degree of concordance exists and that the combined evidence is quite convincing in regard to the dose-response relationship.
Neurological tests
Neurological examination has been included in prospective studies [19] and cross-sectional studies. [59, 60] The clinical tests, however, provide only suggestive evidence to link lowdose MeHg exposures to detectable abnormalities. The absence of clear, positive findings most probably reflects the lack of sensitivity of this type of examination within this range of exposures. One weakness is that the performance on a clinical test is rated by the examiner, thereby introducing a potential subjective aspect. In addition, scoring is usually a simple pass-fail or pass-questionable-fail, thereby limiting the sensitivity.
Neuropsychological tests
While likely to be more sensitive in revealing early neurotoxic changes, neuropsychological tests require that the administration is standardised, and they may show examiner-dependence. In addition, they may be sensitive to details in the test situation, such as the use of an interpreter, differences in temperature, and other aspects that may be important when a test is used for the first time in a particular culture. In New Zealand, two psychologists tested the same children with a shortened version of the test battery and documented a high level of agreement. [17] In the Faroes and several other studies, each test was administered to all children by the same examiner, thus limiting the possible impact of examiner-related differences.
Traditionally, studies in this field have included standard intelligence batteries. For example, the Wechsler Intelligence Scale for Children (WISC) and the McCarthy Scale of Children's Abilities were included in the New Zealand, [17] as well as the Seychelles examinations. [61, 62] These intelligence tests may not be the most appropriate and sensitive for MeHg toxicity, although significant results were found on WISC and McCarthy in the New Zealand study. Some WISC subtests were used under different circumstances in the cross-sectional studies administered by an interpreter, e.g. in Madeira, [63] thereby making the test results less reliable.
In studies of dietary long-chained n-3 polyunsaturated fatty acids (LCPUFA), which are transferred via the placenta or supplied in human milk, are necessary for normal brain growth and development in infancy, and may play an important role in the development of infant cognition, the Bayley MDI performance, the Fagan Test of Infant Intelligence, and the MacArthur Communicative Development Inventory were included in the assessments on infant cognitive function. [64] [65] [66] The approach to neurobehavioural assessment taken by the Faroes was to emphasise tests that reflected functional domains (e.g. attention, motor speed, verbal memory). The functions chosen were those that were most likely to be affected by developmental MeHg exposure, as judged from location of neuropathological lesions in poisoning cases and as illustrated by studies of other developmental neurotoxicants, especially lead. The Boston Naming test (language) showed a wide range of responses and appeared to be the most sensitive outcome. [48] Neurophysiological tests As an objective evaluation of brain dysfunction that is probably less sensitive to motivation of socioeconomic confounding, neurophysiological tests have been applied in several studies. Their applicability requires advanced instrumentation and depends on skilled examiners. An outcome that has been previously found to be sensitive to lead exposure is brainstem auditory evoked potentials (BAEP). They are recorded using surface electrodes placed on the skull while the child listens to a stimulus in one ear. The transmission of the electrical signals within the brain is then recorded as peaks that represent the acoustic nerve, an intermediate connection in the pons, and the midbrain. Patients from Minamata, Japan, with congenital MeHg poisoning exhibited delays in BAEP latencies. [67] The latency of peak III was significantly increased at higher intra-uterine exposure to mercury. Parallel associations were found in 7-year-old children in the Faores [68] and in Madeira, [69] and this observation was replicated in the Faroese cohort when examined at 14 years. [70] This study showed that delays in peak V were associated with the adolescents' current exposure, and that early effects occurred at very low exposure levels (Fig. 1) . [70] As a parameter primarily affected by postnatal exposure, peak V delays may provide unique insight in comparison with the majority of functions that are mainly sensitive to MeHg during fetal development.
Cardiovascular outcomes
Although the developing brain is considered the critical target organ in regard to MeHg, recent evidence has suggested that Hg from fish and seafood may promote or predispose towards the development of heart disease. This evidence is yet inconclusive, but deserves attention, because it suggests that a narrow definition of subpopulations at risk, i.e. pregnant women, might leave out other vulnerable groups. The first studies of MeHg-associated cardiovascular disease were carried out in Finland. One important study showed that the intima-media thickness of the carotid arteries is in apparent association with the degree of mercury exposure from fish. [12] A possible mechanism could be induction of lipid peroxidation. In this regard, it is interesting to note that while essential fatty acids from fish may reduce the risk of acute coronary events, a high Hg content in fish could attenuate this beneficial effect. [71] The increased risk seems to occur at hair-mercury concentrations above 2 µg g −1 , i.e. only twice the level that corresponds to the US EPA Reference Dose (a daily intake level designed to be without a significant risk of adverse effects over a lifetime). A recent study of Finnish men reported that a high mercury level was associated with an increased risk of acute coronary events and cardiovascular mortality, and that mercury may also attenuate the protective effects of fish on cardiovascular health. [13] A large multi-centre study from Europe showed an increased risk of cardiovascular disease associated with toenail mercury concentrations, and high Hg content may diminish the cardioprotective effect of fish intake. [14] A study of US health professionals did not find an association between Hg exposure and coronary heat disease. [11] However, after exclusion of dentists with high toenail Hg concentrations likely a result of amalgam exposures, the study showed an odds ratio similar to the ones seen in Finland and in the multi-centre study. [11] Nutrients and co-contaminants Certain essential nutrients in fish and seafood may provide beneficial effects on brain development and may protect against the development of heart disease, thereby possibly counteracting the adverse effects of MeHg. LCPUFA are essential for normal brain development and better vision, [72] and have been suggested to play a key role against cardiovascular diseases. [73, 74] (Other non-fish LCPUFA sources include walnuts, flaxseed, soybeans, oil (flaxseed, canola, and soybean), and eggs.) Selenium is a trace mineral that is essential to health. Although selenium has been considered to potentially provide protection against MeHg effects, cord blood selenium concentrations in the Faroe Islands did not impact on MeHg-associated neurobehavioural deficits. [75] Iron is essential for oxygen transport and for the regulation of cell growth and differentiation, [76] and iron deficiency has adverse effects on the cognitive and psychomotor development of children. [77, 78] Iodine, a trace element, is an essential component of thyroid hormones required for normal development and metabolism. Infants and children with iodine deficiency are at risk of poor mental and psychomotor development. [79] Vitamin E may interact with selenium additively because of their similar antioxidant roles.There is evidence to suggest that deficiency in Vitamin E may be associated with neurological functions in children and adults. [80, 81] Although nutrients do not vary to the same extent in seafood as MeHg, it is important to control for fish intake in the study design and the statistical analysis. Failure to do so will likely result in underestimation of the MeHg toxicity.
Fish may also biomagnify persistent halogenated organic compounds, such as PCBs. The neurodevelopmental effects of PCBs share some similarities to those observed for MeHg. [82] Exposure of such toxicants, therefore, should also be considered in constructing MeHg-specific dose-response relations. For example, the Faroese are exposed to PCBs from eating whale blubber. [7] However, no important impact of PCB exposure on MeHg neurotoxicity was identified from detailed analyses of the Faroes data. [19, 82, 83] The relative importance of PCBs and Hg was also assessed in structural equation analyses taking into account the imprecision of the variables. The inclusion of PCB exposure attenuated the MeHg effect somewhat, but MeHg remained statistically significant, while PCB was far from that. [84] In New Zealand and Seychelles, the ocean fish consumed is unlikely to be contaminated by PCB, and the same would be the case with freshwater fish in the Amazon Basin, where MeHg neurotoxicity is also prevalent. [85] Nutrient and MeHg exposure as predictors of developmental outcomes Only a small number of studies have aimed at examining the effects of both nutrient and contaminant intakes at the same time as predictors of developmental outcomes. A beneficial association of the developmental score with the fish intake of the mother during pregnancy and of the infant postnatally was reported but no effect of low mercury concentrations in umbilical cord tissue (wet weight) was found. [86] However, the validity of the latter finding is uncertain because of the imprecision of the mercury exposure biomarker. In the Faroes, an adverse neonatal neurological function was associated with increased prenatal MeHg exposure, but neither n-3 fatty acids nor selenium provided any detectable beneficial or protective effect on this outcome. [19] No evidence was found that selenium provided any important protection against MeHg-associated deficits on neuropsychological tests in two separate Faroese birth cohorts. [75] In a Polish cohort, maternal fish intake during pregnancy was positively related to both maternal and cord blood mercury concentrations, which were associated with delayed psychomotor development of infants in the first year of life. [87] Three studies, in particular, showed that the effects of both nutrient and contaminant intakes were strengthened when both maternal fish intake and prenatal MeHg exposure were adjusted in modelling the same neurodevelopmental outcomes. [88] [89] [90] Thus, both the beneficial and the adverse effects of fish and seafood intake should be assessed at the same time to separate opposite impacts on the outcomes. Only then will the full impact of MeHg toxicity (and the beneficial effects of the nutrients) be apparent. As a corollary, optimising the benefits of fish and seafood consumption requires a prudent choice of species high in nutrients and as low as possible in MgHg contamination.
Conclusions
This review outlines the substantial scientific evidence on MeHg developmental neurotoxicity and the emerging evidence that MeHg may promote or predispose towards the development of heart diseases. These adverse effects are likely to occur even at exposures thought to be fairly low. The developing human brain is inherently more susceptible to injury caused by toxic agents such as MeHg than is the brain of the adult, and neurodevelopmental disorders can cause lifelong disability. [91] In terms of public health relevance, even a subtle delay in mental development may be important, especially because vast populations may be affected. The Faroes study showed that each doubling in prenatal MeHg exposure corresponded to a delay of one or two months in mental development at age 7 years, [7] which may correspond to an approximate deficit of ∼1.5 IQ points, had an IQ scale been used. A similar result was seen in the New Zealand study, [17] while comparable adjusted data are not available from the Seychelles. Small shifts in a measure of the central tendency of the IQ distribution may be associated with large changes in the tails of the distribution. The lesson from lead neurotoxicity suggests that such effects are likely to be permanent and that they may even become more apparent with time. [91] Although the evidence on cardiovascular effects of MeHg is less certain, it suggests that avoidance of increased MeHg exposure would be a safe and prudent strategy for the population at large. The effect of MeHg on the human immune system has not been studied, although occupational exposure to elemental Hg has been found to alter certain immune parameters. [1] Fish and seafood provide an important pathway for human exposures to biomagnified MeHg, but fish and marine food also contain essential nutrients that may provide beneficial health effects. In regard to existing research studies, these effects in opposite directions have served to bias the observed MeHg toxicity towards lower and less apparent levels. [89] Unfortunately, most observational studies in this field have focussed either on the risk of MeHg or on nutrient benefits. Future studies should assess both beneficial and adverse effects of fish and seafood intake, taking into account the species consumed and the consumption frequency at the same time to separate opposite impacts on the outcomes. Further, some confusion may occur because of the two different key messages. Fish and seafood provide beneficial nutrients, and the fish that are high in omega-3 fatty acids should be favoured. On the other hand, advisories against MeHg exposure should emphasise that the contamination is the greatest in larger and older fish, especially in species high in the food chain, and in those originating from contaminated waters. Fortunately, certain types of fish and seafood have a high content of beneficial nutrients but do not necessarily contain much MeHg. [45] Consumption of fish with low levels of MeHg and organic contaminants and high levels of omega-3 fatty acids constitute a 'win win' situation and should be encouraged regardless of the underlying nature of the omega-3-MeHg interaction. [3] Regulatory agencies, therefore, need to develop risk communication strategies for balanced messages regarding nutrients and Hg to assist the consumers in making this choice. [48] 
